Animal steroidal hormones, including estrogens, are being introduced into the agricultural soil and water supply from increased pharmaceutical and farm waste. Considering the current levels of xenoestrogen contamination of plant environments in view of the climate change induced drought conditions, this study was designed to understand the effect of estradiol (ES) application on Arabidopsis drought stress responses. Estradiol treatment (10 nM, 100 nM) of plants subjected to drought stress conditions by withholding water for 7 days resulted in increased tolerance to drought stress reflected in the significantly higher plant survival rates of 74% and 78%, respectively compared to control plants' survival rates of 36% (no treatment) and 40% (mock treatment). Estradiol application significantly increased the content of glutathione, proline and H 2 O 2 and significantly enhanced the transcription of the stress responsive genes GSTU3, GER5, HSP101, and HSP70b. A high concentration of ES (10 µM) did not protect plants against drought stress and proved to be toxic. These results provide new insight into the effect of ES on drought-stress responses in Arabidopsis with possible practical agricultural applications regarding the effect of environmental estrogens on crop plants.
Introduction
Environmental contamination with mammalian sex hormones (MSHs) is an environmental concern. Increasing levels of MSHs are being introduced into the agricultural soil and water supply through farm and pharmaceutical wastes [1] [2] . Despite the fact that MSHs act as endocrine disruptors in aquatic animals, a number of studies have demonstrated their beneficial effects on plants coping with abiotic stresses [3] - [9] . Progesterone, 17β-estradiol and androsterone applications mitigated the effects of salinity stress by enhancing germination rate, and root and shoot length in maize [6] and wheat seedlings [7] . The protective effect of MSHs has also been reported in the case of chilling and heavy metal stresses [8] [9] . Foliar application of progesterone to chickpea plants exposed to chilling stress resulted in enhanced antioxidant enzyme activity, chlorophyll content and relative leaf water content [8] . Estradiol supplementation of the seed germination medium protected lentil seedlings from the negative effects of heavy metal stress [9] .
Drought not only limits the distribution of plants, but also affects crop productivity and quality since it is the primary production-limiting factor in plants. Models of climate change predict increases of ambient temperatures accompanied by drought conditions, which will enhance the effects of other biotic and abiotic plant stresses, thus affecting agricultural production. The worldwide crop production is impacted by drought and therefore, increased drought tolerance is a priority for many breeding programs.
Plants respond to drought stress and acquire resistance through complex and integrated biochemical and physiological processes that include changes in gene expression and cross talk between different stress signaling networks. A common consequence of various abiotic stresses, such as drought, salt, heavy metal and other stresses, is the production of reactive oxygen species (ROS) in plant cells and oxidative damage to tissues [10] . Studies have shown a direct correlation between the enhanced antioxidant activities and drought tolerance in various plant species [10] [11] [12] . Treatment of germinating bean (Phaseolus vulgaris) seeds with various concentrations of progesterone, β-estradiol and androsterone resulted in increased activity of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POX) and catalase (CAT) in plants grown under drought stress. At the same time, decreased lipid peroxidation and hydrogen peroxide (H 2 O 2 ) levels were observed in the MSH-treated bean seedlings and attributed to an increase in antioxidant enzyme activity, which correlated to increased plant resistance to stress [3] . Another study reported that progesterone-treated bean plants under salt stress had higher SOD, POX and CAT activities and displayed lower levels of lipid peroxidation as compared to the non MSH-treated plants [5] . The radical-scavenging enzymes together with the antioxidants ascorbic acid and glutathione (GSH) constitute an effective system for detoxification of ROS. Moreover, plants accumulate osmolytes, such as proline, organic acids, sugar alcohols and sugars that act as compatible solutes leading to a decrease of the osmotic potential, thus resulting in drought tolerance [13] . Under stress conditions that cause water deficit within the cell, high concentrations of proline protect membrane structures, stabilize the quaternary structure of proteins and scavenge hydroxyl radicals [14] .
Various transcriptomic studies identified genes that respond to drought stress, some of which facilitate coordination of multiple plant responses at the cellular and whole metabolism levels. The dehydration-responsive transcriptional factor DREB2A, for example, has a dual function by regulating Arabidopsis responses to drought and heat stresses [15] . Thousands of genes were shown to be differentially regulated upon drought stress. Among those, drought stress-related transcription factors were classified in ten different gene families (DREB, bZIP, MYC, MYB, NAC, AP2-domain, NF-Y, ERF, WRKY and zinc fingers) [16] .
Considering the current levels of xenoestrogen contamination of plant environments in view of the climate change induced drought conditions as a challenge facing agriculture today and in the future, this study was designed to understand the effect of ES application on Arabidopsis drought stress responses. We demonstrate that application of low concentrations of ES to Arabidopsis plants alleviated drought stress via increased levels of glutathione, H 2 O 2 and proline and upregulated stress-related gene expression.
Materials and Methods

Plant Material and Growth Conditions
Arabidopsis thaliana ecotype Columbia wild type (WT) seeds (Lehle Seeds, TX, USA)
were surface sterilized according to the procedure described previously [17] [18] and grown in Murashige and Skoog [19] nutrient medium solidified with 1% agar and increasing concentrations of ES (10 nM, 100 nM, 10 μM). The plates were maintained under long-day conditions (16 hours light and 8 hours dark) at 22˚C, 50% humidity, and 200 μmol/m 2 /s. The experimental design of simulated plant exposure to ES followed the method previously described [20] . Arabidopsis seedlings germinated on MS plates without ES or with 0.01% ethanol were used as controls. At day 14, the seedlings were transferred from MS plates into pots in a Percival growth chamber under long-day conditions (16 hours light and 8 hours dark) at 22˚C, 50% humidity, and 200 μmol/m 2 /s and were sprayed with ES once a week for the following two weeks.
Drought Stress Induction
Drought stress experiments were performed according to the procedure employed by Kagale et al. [18] with slight modifications. ES-treated and untreated, non-stressed plants were watered every third day by subirrigation. Drought conditions in the 21-dayold plants were introduced by withholding water for 7 days. Leaf tissue was collected for biochemical and gene expression analysis at the beginning (0 days post treatment) and at the end (7 days post treatment) of the induced drought stress period. Following the drought stress, watering plants every third day was resumed for a week. Plants that survived were counted, and the percentage survival rate for each treatment was calculated as an indicator of drought stress tolerance. These experiments were repeated thrice, each time with 30 plants.
Glutathione Estimation
Total glutathione was estimated in leaves using the Glutathione Assay Kit (Sigma Aldrich, USA) according to the manufacturer's specifications and was expressed as µmoles/g fresh weight.
Hydrogen Peroxide Estimation
Hydrogen peroxide was estimated in leaves using the Amplex ® Red Hydrogen Peroxide/ Peroxidase Kit (ThermofischerSci, USA) following the manufacturer's specifications and expressed as µmoles/g fresh weight.
Proline Estimation
Estimation of leaf proline was conducted according to a previously published protocol by Bates et al. [21] and expressed as µmoles/g fresh weight.
RNA Isolation and qRT-PCR
RNA was isolated from leaves of 21-day-old ES-treated and untreated, drought stressed and unstressed Arabidopsis plants using the Plant RNA isolation reagent (Life Technologies, USA) according to the manufacturer's protocol. RT-PCR from the total RNA extracted was performed using the RETROscript reverse transcription kit (Thermo Fisher Sci, USA). Primers were designed using the Primer-3 software. The following primer sequences were used for the PCR analysis: (GSTU, GLUTATHIONE S TRANSFERASE) GSTU3F: 5'CAATGGCCGAGAAAGAAGAG3´, GSTU3R:
5'CATCGGAATGTTCCATACCTGGAGT3', GER5R: 5'TCAGGGTTGTATCCGACCTTCTTCA3'. The RT-PCR experiments were carried out using the iQ SYBR® Green supermix and the BioRAD CFX96 RT-PCR detection system (BioRad, USA) according to the manufacturers' protocol. Reaction parameters were set as follows: initial denaturation at 95˚C for 5 mins followed by 35 cycles of 30 s at 95˚C, 30 s at 55˚C (annealing) and 30 s at 72˚C (extension). The amplification sizes are as follows: GSTU3-129 bp, GER5-117 bp, HSP70b-29 bp, HSP101-126 bp, EF1α-100 bp. The relative RNA levels in each sample were calibrated and normalized against EF1α expression that was used as an internal control.
Statistical Analysis
Data are the means ± SD of three independent replicates. Data were subjected to a one-way analysis of variance (ANOVA) and the mean differences were compared using Tukey's test. Comparisons with P < 0.05 were considered significantly different.
Results
Estradiol Application Alleviated Drought Stress in Arabidopsis
After seven days of induced drought by withholding irrigation, both ES-treated and control plants developed characteristic drought stress symptoms of wilting, chlorosis and tissue senescence, although the 10 nM and 100 nM ES-treated plants showed relatively less symptoms (Figure 1(a) ). At the end of the recovery week, during which the watering schedule was resumed, it was observed that the 10 and 100 nM ES-treated plants coped better than controls and 10 µM ES-treated plants with the induced drought conditions in terms of tissue senescence and chlorosis. Significantly higher tolerance to drought stress was observed in 10 and 100 nM ES-treated plants with 74% and 78% of the plants surviving, respectively, as compared to 40% surviving regularly watered control plants and to 36% surviving EtOH control plants. The lowest tolerance to drought stress was recorded for 10 µM ES-treated plants with an 18% survival rate (Figure 1(b) ).
Estradiol Application Increased Glutathione Levels in Arabidopsis during Drought Stress
Under induced drought conditions, an increase in glutathione levels was observed in all Arabidopsis plants irrespective of the treatment. However, significantly higher levels of glutathione were found in Arabidopsis plants treated with 10 nM ES (81% increase) 
Estradiol Application Increased Proline Levels in Arabidopsis during Drought Stress
Proline, an essential amino acid, is a compatible osmolyte, which protects cellular structures during drought stress. Leaves of both 10 and 100 nM ES-treated Arabidopsis plants accumulated significantly higher levels of proline under drought stress than the unstressed plants. Although the proline levels accumulated in drought stressed leaves were significantly higher for all the plants, the 10 and 100 nM ES treated leaves displayed an 80% increase in proline levels as compared to the control plants. As observed with glutathione levels, the lowest proline levels were estimated in plants treated with 10 µM ES (Figure 4 ). Although the proline levels were significantly higher than in the non-stressed plants, the drought-stressed 10 µM ES treated plants had a 25% decrease in proline levels as compared to the non ES-treated plants (Figure 4 ).
Estradiol Application Upregulated Stress-Related Gene Expression
Real time-PCR was performed to assess the expression levels of four stress responsive genes that are involved in providing plant cells protection during drought conditions.
Enhanced expression of GLUTATHIONE S-TRANSFERASEU3 (GSTU3), GEM-RELATED5 (GER5), HEAT SHOCK PROTEIN101 (HSP101) and HSP70b was observed 7 days post drought stress ( Figure 5 ). The expression of GSTU3 was approximately 3.5 fold higher in the leaves of drought-stressed 10 and 100 nM ES-treated plants than in those of non-stressed control plants. Expression levels of GER5 in drought-stressed 10 and 100 nM ES-treated plants was determined to be approximately 3.6 folds higher than in the control plants. The application of 10 and 100 nM ES, under expression. Asterisks represent statistically significant differences (P < 0.05, ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. White bars (drought stress), Black bars (no stress).
non-drought conditions, also resulted in enhanced expressions of GSTU3 and GER5 in the corresponding plants but they were significantly higher (more than twofold) in the corresponding drought-stressed plants ( Figure 5 ).
Expression of both HSP101 and HSP70b was upregulated by drought stress and not by ES ( Figure 5) . Drought enhanced the expression of HSP70b in both ES-treated and untreated plants. The increase in HSP70b expression in drought-stressed 10 µM ES treated plants was significantly lower than the gene expression in 10 and 100 nM ES-treated plants control plants.
A similar increase in HSP101 expression by drought also was observed in the drought-stressed 10 and 100 nM ES-treated plants ( Figure 5 ). The increase in HSP101 expression in drought-stressed 10 µM ES treated plants was not significantly different than the gene expression in control plants.
Discussion
Effects of 17β-Estradiol Application on Stress-Related Biochemical Responses
The results of this study provide evidence for a protective role of 17β-estradiol against drought stress in Arabidopsis when applied at low concentrations (10 and 100 nM) in the range of the ES concentrations found in contaminated soil [1] [2]. Application of ES at a higher concentration (10 µM) proved to be toxic to the plants, thus further compromising their ability to cope with drought stress. In response to drought stress, significantly higher accumulation of GSH, H 2 O 2 and proline was observed in 10 and 100 nM ES-treated plants as compared to control plants, which could explain the increased stress tolerance of these plants.
A number of studies have demonstrated an important role for glutathione in drought stress tolerance in various plant species. During abiotic stresses, upon reaction with oxidizing agents, GSH, a tripeptide composed of the amino acids glutamic acid, cystine and glycine (γ-L-Glutamyl-L-cystine glycine), is converted to GSSG [11] . It has been reported that glutathione levels (GSH/GSSG ratio) changes rapidly in response to water deficit, thus helping maintain the redox homeostasis of the cell [12] . In wheat (Triticum sp.) plants grown under drought conditions, GSH concentration increased in the flag leaves of both drought resistant and sensitive varieties [23] . Induction of drought stress by the application of PEG-6000 to the seedlings of Brassica campestris and B. juncea resulted in increased GSSG levels. B. juncea seedlings, in the presence of PEG-6000, displayed elevated levels of GSH as well [24] [25] . It is possible that ES alleviates the detrimental effects of drought stress in Arabidopsis by influencing the GSH-GSSG cycle.
Similarly, an increase in proline contents was observed in plants that were exposed to drought conditions [26] . Studies with Arabidopsis and rice plants showed that accumulation of proline, one of the most powerful osmoprotectant, was an essential response of the plant cells to drought stress [27] [28] . The beneficial drought-coping effect of ES treatment is evident from the observation that 10 and 100 nM ES-treated plants accumulated the highest levels of both GSH and proline when subjected to drought stress. Proline is an extremely efficient ROS scavenger, thus protecting proteins and membranes by reducing free radical levels and providing a source of carbon during rehydration [29] . It could be possible that ES directly affects proline metabolism or interacts with plant hormones or through other mechanisms in elevating proline levels in plants under drought stress.
Hydrogen peroxide is a unique ROS that plays a dual role within the plant cells. High levels of H 2 O 2 generated during abiotic stress, including drought stress, can damage cellular structures but a low concentration of H 2 O 2 is maintained within the cells and functions as a signal, mediator or effector involved in developmental processes and stress responses [22] [30] . High levels of H 2 O 2 can by itself result in oxidative damage to the cells [21] but it has been demonstrated in a number of plants species, including maize [31] , mustard [32] , tall fescue and rye grass [33] , that an increase in H 2 O 2 levels primes the plants for enhanced drought stress resistance. Significant increases in H 2 O 2 levels in 10 and 100 nM ES-treated Arabidopsis subjected to drought conditions were responses to drought stress and not to the ES treatment and it indicates that H 2 O 2 contributed to the enhanced drought stress tolerance of these plants. Plants exposed to higher ES concentrations (10 µM ES) showed an increase in H 2 O 2 level even under no drought conditions, which remain unaltered in response to drought stress, indicating ES toxicity. These plants displayed the lowest survival rate at the end of the recovery period and their GSH and proline levels at the end of the drought stress period were the lowest among all treatments, which could explain their poor performance in coping with the stress conditions.
Effects of 17β-Estradiol Application on Stress-Related Gene Expression
To the best of our knowledge this is the first report on changes in stress related gene expression in ES-treated plants. A previous study in our laboratory on the effects of ES treatment on gene expression in Arabidopsis seedlings employing microarray analysis revealed that expression of stress responsive genes were upregulated [34] . Quantitative PCR analysis of GSTU3, GER5, HSP70b and HSP101 expression in ES-treated and untreated plants in the current study showed that the expression of these stress responsive genes is enhanced in response to drought stress.
Significantly higher expression of both GSTU3 and GER5 was observed in droughtstressed 10 and 100 nM ES-treated plants, which may have contributed to their enhanced drought stress tolerance. The treatments may have primed the plants for increased tolerance as the non-stressed plants displayed elevated expression of GSTU3 when compared to the other treatments. The glutathione S-transferase enzymes play an important role in plant stress resistance as they facilitate the binding of GSH to xenobiotic substrates [35] [36] . Transgenic expression of a tomato GST, LeGSTU2, resulted in enhanced drought stress tolerance in Arabidopsis [36] . GSTU3 displays increased expression in response to abiotic stress conditions [37] . Similarly, the expression of GER5 is induced by ABA and abiotic stress and is required for growth and development in Arabidopsis [38] .
Heat Shock Proteins belong to a specialized class of chaperone proteins whose expression is induced in response to a number of abiotic stresses [39] . In Arabidopsis, both HSP70b and HSP101 are required for developing thermotolerance [40] [41] . HSP70 in wheat was upregulated by more than tenfold and in Arabidopsis by almost eightfold under drought conditions [42] [43] . Overexpression of Erianthus arundinaceus HSP70 increased drought and salinity tolerance of sugarcane [44] . HSP101 is involved in protecting protein and membrane integrity [45] [46] . In our study, even in the absence of heat stress, expression of both HSP70b and HSP101 was elevated in response to drought stress. In a manner similar to the expression of GSTU3, the expression of HSP101 was elevated in non-stressed 10 and 100 nM ES-treated plants. These results are similar to those of brassinosteroid application to Arabidopsis plants, where treatment with the hormone resulted in increased tolerance to drought stress and elevated expression of HSP genes [18] . Since HSPs are required for proper protein folding and functioning during normal and stress conditions, it can be suggested that application of ES can potentially enhance the ability of plants to cope with other forms of abiotic stress. Since ES is the ligand for estrogen receptors, which contain zinc finger domains, it is also possible that ES interacts with plant zinc-fingers transcriptional factors, some of which are activated by drought [47] [48], in inducing its beneficial effects on drought-stressed plants.
Conclusion
This study focused on the impact of ES treatment on Arabidopsis responses to drought stress both at the gene expression and biochemical levels. The results indicate that ES effects on Arabidopsis plants, specifically enhancing the drought tolerance, are both genomic and nongenomic. ES treatment at the 10 and 100 nM concentrations can be beneficial for plant survival under drought stress; however, at higher concentrations (10 µM), ES can be detrimental to plant growth and survival under stress conditions. The concentration range of ES applied in this study is relevant with respect to the environmental concentrations of the hormone and our observations open new avenues for understanding the impact of xenoestrogens on plant stress responses with potential applications in agriculture.
